The following manganese levels in the nutrient solution were tested (mg dm -3 ): 9.6 and 19.2. The effect of ch-OSA application (at a concentration of Si equal 0.3 mg dm -3 of the nutrient solution) was investigated at both Mn-levels. The ch-OSA application alleviated Mn toxicity by increasing the biomass production in the Mn-low variant (+ 8.2% for Alboney F 1 and 16.8% for Emotion F 1 , the differences being significant for Emotion F 1 ), whereas the ch-OSA application in the Mn-high variant did not influence the plant yielding. All the factors affected the plant nutrient status and the chemical composition of tomato fruits. The chemical composition of leaves depended on (means of all the studied combinations): Mn (K, Na) and ch-OSA nutrition (N, Mg, Na), cultivar (for P, K, Ca, Na), but in the case of fruits significant differences were found between Mn (N, P, Ca, Mg) and ch-OSA nutrition (N, Mg, Na) and cultivar (N, P). In both Mn-levels, visual symptoms of manganese toxicity appeared on plants -in the Mn-high variant, they were observed after 4 weeks, while in the case of the Mn-low variant -after 10 weeks of exposure to strong Mn-stress. Treatment with ch-OSA at both of the studied Mn levels did not prevent the development of visual toxicity symptoms on the plants.
inTroducTion
The optimal level of Mn in the nutrient solution used for tomato fertigation ranges from 0.3 to 0.6 mg dm -3 and could vary from cultivar to cultivar (Kleiber et al. 2014) . Most of groundwater to a depth of 100 m contains lower quantities of this micronutrient, while about 5% of water used to prepare nutrient solutions may contain 1 -4.5 and even up to 10 mg Mn dm -3 (SawiniaK 1990) . Precision of micro-nutrition significantly affects plant yielding (Kleiber et al. 2014) .
Silicon is an element which alleviates the Mn-stress of plants (epStein 1999 , iwaSaKi, MatSuMura 1999 , Shi et al. 2010 ) and may significantly change the nutrient uptake and plant yielding (epStein 1999 , aziz et al. 2002 , JaroSz 2013 . The earliest studies focusing on this problem were conducted on lettuce as a model plant, using e.g. silica sol and choline-stabilized orthosilic acid (ch-OSA) as sources of Si (Kleiber 2014a , Kleiber et al. 2015 . Ch-OSA is known as a bioavailable form of silicon (EUrOPEAN FOOd SAFETy AUTHOrITy 2009) and may also be used in human therapy (Spector et al. 2008) : combined ch-OSA treatment with Ca/Vit d3 had a potential beneficial effect on bone collagen compared to Ca/Vit d3 alone, which suggests that this treatment is of potential use in osteoporosis.
The aim of the conducted study was to alleviate the effect of choline-stabilized orthosilic acid (ch-OSA; as sources of the bioavailable silicon form) treatment on tomato grown under varied Mn stress. research on the alleviation of stress caused by an excessive Mn content in a nutrient solution is of particular importance in the case of tomato because of its large cultivation area and high consumption (GuS 2012).
maTerial and meThods
Plant-growing experiments were conducted in 2013-2014 in a greenhouse of the department of Plant Nutrition, the Poznań University of Life Sciences. The aim of this study was to assess the effect of ch-OSA application under increasing Mn stress on the chemical composition of leaves and fruits and plant yielding of tomato grown in rockwool. The experiments were established using the randomized complete block design in 4 replications. Biological pest control was applied. All cultivation measures were performed in accordance with the current recommendations for tomato growing.
The experiments were conducted on two tomato cultivars (Lycopersicon esculentum Mill. cv. Alboney F 1 and cv. Emotion F 1 ), with 3 studied factors: A -Mn nutrition; B -ch-OSA treatment (source of bioavailable Si); C -cultivar. Seeds were sown to cultivation cups in the 3 rd decade of March in each year of the study. After 2-3 weeks, seedlings were transplanted to rockwool 899 cubes (10 × 10 × 10 cm). Plants were transplanted to permanent beds in the first week of May. O, 32.3% Mn) and choline-stabilized orthosilicic acid (ch-OSA; 0.6% Si; Actisil; yara Poland) were the sources of the analyzed nutrients. The fertilizer dose in the nutrient solution depended on the development phase of plants and climatic conditions in the greenhouse. during the intensive yielding of plants and high temperatures (June -August) 3.0-3.5 dm 3 nutrient solution per plant was supplied daily in 15-20 single doses, with 20-30% effusion of drain water from the slabs.
during the plants' growth and development, material samples were collected to determine the content of N, P, K, Ca, Mg and Na. The index parts (8 th -9 th fully expanded leaves counting from the apex) were collected at monthly intervals (15.06, 15.07 and 16.08 each year). One bulk sample comprised 6 leaves. Every year, in the first decade of August representative samples of fruits were also collected. In order to determine the total forms of nitrogen, phosphorus, potassium, calcium, magnesium and sodium, homogenized plant material was digested in concentrated sulphuric acid. After plant material mineralization, the following determinations were made: total nitrogen -by the distillation method acc. to Kjeldahl in a Parnas-Wagner apparatus, phosphorus -colorimetrically with ammonium molybdate (acc. to Schillak), potassium, calcium, magnesium and sodium -by atomic absorption spectrometry method (on a Carl Zeiss Jena apparatus). The results were processed by Anova and the duncan test (α = 0.05).
resulTs ans discussion

Plant yielding and toxicity symptoms
The optimal level of Mn in the nutrient solution in the case of Alboney F 1 ranges from 0.3 to 0.6 mg dm -3 , while in the case of Emotion F 1 it equals 0.6 mg dm -3 (Kleiber et al. 2014) . Excessive Mn nutrition caused a significant reduction of plant yielding and led to chemical problems with the nutrient status of plants. The plant yielding was found to have been decreasing under the growing manganese stress (Figure 1 ). At the Mn-low level for both cultivars treated with ch-OSA, an upward trend for fruit yielding was found, but it was significant only in cv. Emotion F 1 . At the Mn-high level, there was no significant influence of ch-OSA treatment on yielding. Similar findings were reported by iwaSaKi et al. (2002) : the alleviating effect of Si nutrition could vary depending on the severity of manganese stress. The mean yield of fruits from cv. Emotion F 1 was higher than from Alboney F 1 . Shi et al. (2010) confirms that the response of plants under heavy metal stress to Si nutrition could be cultivar-specific. In terms of the mean of all the combinations, the treatment with ch-OSA did not differentiate tomato yielding. Typical and characteristic symptoms of Mn toxicity are brown spots in older leaves, which may also be followed by chlorosis and necrosis, and the browning of roots (horSt, MarSchner 1978) . Brown spots appear where oxidized Mn and oxidized phenolic compounds accumulate in the walls of epidermal cells (horiGuchi 1987 , wiSSeMeier, horSt 1992 . The earliest symptoms of Mn-toxicity on the plants (midrib browning and browning of leaf blade margins, as well as necrosis of leaves and decay vertex inflorescences) were manifested appeared after about 4 weeks of exposure to Mn-19.2. In the case of Mn-9.6, despite a markedly increased plant yielding for Alboney F 1 and a significantly increased plant yielding for Emotion F 1 induced by choline-stabilized orthosilicic acid, Mn toxicity symptoms were observed after 10 weeks of exposure. The application of ch-OSA did not prevent visual toxicity symptoms on the plants at either of the tested Mn-levels.
Silicon is involved in the metabolic or physiological changes in plants (lianG 1999) . different forms of this element, e.g. choline-stabilized orthosilicic acid and silica sol, may be used to alleviate the Mn stress of plants. Kleiber (2014a) proved that an increased ch-OSA concentration in a nutrient (2013) stated that an increased Si nutrition under water deficiency caused positive and significant changes of transpiration rate and the chlorophyll (a, b and total) content. Kleiber et al. (2015) observed that higher Si concentrations in a nutrient solution (in the form of silica sol) significantly influenced plant nutrient status and alleviated the Mn stress as well as stimulating fresh matter production, rWC (relative Water Content) and the number of leaves in lettuce. The response to Si nutrition could vary depending on a cultivar (lobato et al. 2013) . Generally, positive symptoms of Si nutrition under Mn-stress include an increase in biomass production (MakSiMović et al. 2007 (MakSiMović et al. , 2012 . Manganese present in Si-treated plants is therefore less available and for this reason less toxic than in plants not treated with Si (roGalla, röMheld 2002). Also, other authors observed a similar tendency for improved tomato yielding after Si nutrition (StaMataKiS et al. 2003 , toreSano-Sanchez et al. 2012 , JaroSz 2014 . A similar positive effect of Si nutrition on growth of horticultural plants under Mn stress was found for cucumber (roGalla, röMheld 2002).
Plant chemical composition
The determined content of N, P, K, Ca, Mg and Na was higher in leaves than in fruits (Tables 1-2, Figure 2 ). Generally the content of nitrogen in Table 1 The influence of manganese and choline-stabilized orthosilic acid (ch-OSA) nutrition on the content of N, P, K in tomato leaves (g kg -1 dM) and their coefficients of variation (CV, %) mean from the years 2013-2014 leaves was stable for Alboney F 1 , but it increased with the higher Mn concentration for Emotion F 1 . The nitrogen content in leaves was influenced by the ch-OSA treatment, whereas no effect of a cultivar was observed. The most stable content of nitrogen during the plant growing period was recorded in Emotion F 1 at Mn-low treated with ch-OSA (coefficient of variation: CV 0.01%) while the biggest fluctuations were found for the same cultivar at Mn-high with ch-OSA application (CV 10.31%; Table 1 ). In most cases, the coefficient of variation did not exceed 10%. The mean content of nitrogen from all variants of the studied factors was lower in the last term of sampling (August; -6.48%) than in June. In the case of plants grown at Mn-low treated and un-treated with ch-OSA (separately in cv.), the N content trend during the growing season was similar. The N content trend in fruits depended on Mn (higher for Mn-19.2) and Si (higher for ch-OSA+) nutrition as well as the cultivar (higher content was determined for Alboney F 1 ). The content of phosphorus in leaves depended significantly on a cultivar. Neither Mn level nor ch-OSA nutrition influenced the content of this nutrient. The cont. recorded coefficients of variation in the case of phosphorus varied from 2.83 to 18.88% (respectively for Emotion F 1 at Mn-high and Alboney F 1 at the same Mn-level treated with ch-OSA). In most cases, the coefficient of varia- Table 2 The influence of manganese and choline-stabilized orthosilic acid ch-OSA nutrition on the content of Ca, Mg, Na in tomato leaves (g kg -1 dM) and their coefficients of variation (CV, %), mean from the years 2013-2014 tion did not exceed 10%. during the plant growing period, the mean content of P in leaves increased by about 25.3% (from June to August). A similar trend was found in every combination. In fruits, the mean P content varied, depending on the Mn-level and cultivar. At the low-Mn variant, ch-OSA application caused a significant increase in the fruit P content, but a reverse trend was determined in the Mn-high variant. At the Mn-low combination, ch-OSA application caused a significant increase in the content of potassium in cv. Emotion F 1 (both in leaves and fruits), while in the case of Alboney F 1 the above treatment decreased the K content in fruits. In the Mn-high variant, the content of potassium in leaves was stable, but decreased significantly in fruits of cv. Emotion F 1 under the ch-OSA treatment. For mean values, a significant influence of the Mn-level and cultivar was found in the case of the K content in leaves, but the effect on the fruit K content was non-significant. Generally, the content of potassium in leaves was stable comparing with N and P -the coefficient of variation ranged from 1.19 to 4.72% (for Emotion F 1 at Mn-low/ch-OSA+ and Mn-high treated with ch-OSA). The mean content of K in the subsequent months was similar (Table 1) .
The calcium content in leaves in the Mn-low variant significantly increased for Emotion F 1 after ch-OSA application to the nutrient solution used for plant fertigation, but the other determined changes were non-significant (Table 2 ). In turn, in the case of fruits, a significant upward trend was found after ch-OSA in cv. Alboney F 1 in the Mn-low variant (Figure 2) . At the Mnhigh level, ch-OSA+ caused a significant reduction in the content of Ca in cv. Emotion F 1 . In terms of the mean values, the cultivar's Ca content in leaves changed, but a significant impact of the Mn-level was observed in fruits. The coefficient of variation (CV) ranged from 1.67 to 26.47 (for cv. Emotion F 1 at Mn-high, treated and un-treated with ch-OSA). Generally, the content of calcium in leaves increased during the plant growing period (mean about 26.2%; except cv. Emotion at Mn-low treated with ch-OSA, where the content of Ca decreased). The mean content of magnesium in leaves was significantly higher under the application of choline-stabilized orthosilic acid. At Mn-high, in cv. Emotion F 1 treated with ch-OSA as a source of Si the Mg status of leaves improved significantly. In fruits, both Mn and ch-OSA nutrition significantly influenced the content of magnesium. For the Mn-high variant, a significant decrease of the Mg content in both cultivars was observed in ch-OSA-treated plants. The most stable content of magnesium was recorded in Alboney F 1 at Mn-high un-treated with ch-OSA (CV 0.87%), while the highest fluctuations (CV 20.64%) were found for cv. Emotion F 1 at Mn-low with ch-OSA application. Nonetheless, in most cases, the coefficient of variation did not exceed 10%. The mean content of Mg during the growing season decreased by about 14.8%, although some discrepancies were found (Alboney F 1 : at Mn-low untreated with ch-OSA and Mn-high untreated/treated with ch-OSA; Emotion F 1 at Mn-high ch-OSA-). The treatment of plants with ch-OSA caused a significant upward trend for the sodium content in leaves and fruits of cv. Emotion F 1 (both in Mn-low and Mn-high). The content of Na in leaves was significantly influenced by all the studied factors, while in fruits it was only modified by ch-OSA application. The recorded coefficients of variation (CV) of the Na content were highly varied: from 2.16% (Alboney F 1 at Mn-low treated with ch-OSA) to 27.73% (Emotion F 1 at Mn-high treated with ch-OSA). The mean content of sodium in leaves increased by about 15%, from 0.17 to 0.20 g kg -1 dM (June -August), except Alboney F 1 /Emotion F 1 at Mn-low treated with ch-OSA, Alboney F 1 at Mn-high untreated with ch-OSA).
The research results showed a significant influence of manganese and ch-OSA (as a source of silicon) nutrition on the chemical composition of leaves. Silicon promotes modifications of nitrogen metabolism (watanabe et al. 2001) . In studies conducted with a fertilizer containing choline-stabilized orthosilic acid as a source of Si, Kleiber (2014a) ), while no significant changes were observed in the Na content when compared with the control. lee et al. (2000) claimed that Si addition to the nutrient solution had a positive effect on the P uptake. The content of Si in the plant root zone significantly influenced the potassium content in leaves (JaroSz 2013), which was also detected in oour experiments, albeit only in cv. Emotion F 1 grown in the Mn-low variant. Silicon treatment may increase the Ca concentration in plant tissues and hence restore membrane integrity (Kaya et al. 2006) . Silicon also significantly improves rWC. Potassium and sodium are important nutrients in the osmotic adjustment of plants. In the current study, significant changes in the content of those nutrients (especially sodium) were found in combinations including ch-OSA application. Kaya et al. (2006) reported that under drought stress Si nutrition may result in an improved supply of potassium. aziz et al. (2002) found a decrease in the content of N and K in plants with a simultaneous increase in the content of Ca and Mg in plants under Si nutrition. Silicon nutrition has a limited effect on calcium concentrations in plants (lianG 1999) , but the actual response could vary from cultivar to cultivar. Many authors found a decrease in the content of calcium in plants under increasing Si nutrition (Ma, taKahaShi 1993 , epStein 1999 , chen et al. 2011 , JaroSz 2013 ). In the current study, the Na content was found to increase under ch-OSA application, whereas some authors (Matoh et al. 1986 (Matoh et al. , lianG 1999 found an opposite trend for the sodium content. Matoh et al. (1986) reported also a positive influence of Si on dry matter production in salinity stressed plants.
The chemical composition of fruit harvested from plants of the Si treatment with a standard level of manganese in the nutrient solution (0.54 mg dm -3 ) showed similar levels of elements to those in the control, except for manganese (JaroSz 2014). Kleiber (2014b) found similar nitrogen content in tomato fruits stressed by an increasing intensity of manganese nutrition (9.6 and 19.2 mg dm -3 of nutrient solution) and a similar trend for the phosphorus content, although the concentrations determined by this author were two-fold higher. JaroSz (2013) showed a positive influence of Si (in the form of silica sol) manifested by a decreasing N content in cucumber fruits. The K content in fruit determined in the present study was similar to that found by Kleiber (2014b) . The content of K and Ca in cucumber fruits varied depending on a Si concentration in the root zone of plants (JaroSz 2013). It is known that increased Mn nutrition causes a significant reduction of Ca and Mg levels in tomato fruits (Kleiber 2014b) .
Notably, the response of the two tomato cultivars in the Mn-low variant was a varied, with a positive influence of ch-OSA application to the nutrient 907 solution on plant yielding. In the case of cv. Emotion F 1 , the application of Si significantly increased the content of N, K, Ca and Na in leaves when compared with the un-treated plants. Simultaneously, an upward trend was found for N, P, K and Na in tomato fruits, which coincided with the stable levels of Ca and Mg. The response of cv. Alboney F 1 was different, with no changes of N, P, K, Ca, Mg and Na levels in leaves and an increasing content of P and Ca, decreasing content of N and K and no significant changes of Mg and Na levels in tomato fruits. The chemical composition of tomato leaves depended on (means for all the studied combinations): Mn (K, Na) and ch-OSA nutrition (N, Mg, Na), cultivar (for P, K, Ca, Na). In the case of fruits, significant differences were found between Mn (N, P, Ca, Mg) and ch-OSA nutrition (N, Mg, Na) and cultivar (N, P). The coefficients of variation (CV) of nutrients in leaves ranged from (in %): N 0.01-10.31; P 2. . A coefficient of variation in the range of 0-20% indicates low diversity, while in the range of 20-40% suggests average variation between the sampling dates. In many cases, the variability of the nutrients should be considered to be low. Given all the factors, greater variability (CV) was demonstrated in the case of cv. Emotion F 1 ' than cv. Alboney F 1 . Also the increasing Mn nutrition and ch-OSA application caused higher variability. conclusions 1. The increasing manganese nutrition and tomato cultivar significantly influenced plant yielding.
2. The response of tomato plants to the application of choline-stabilized orthosilic acid (ch-OSA) as a bioavailable form of silicon varied: ch-OSA treatment improved plant yielding at Mn-low (significant for cv. Emotion F 1 ) but did not influence the yielding of either cultivar at Mn-high level.
3. All the experimental factors affected the plant nutrient status and chemical composition of tomato fruits.
4. The treatment with ch-OSA increased the N and Na content and decreased the Mg content, while Mn nutrition significantly increased the content of N and decreased the content of P, Ca and Mg in tomato fruits. A significantly higher content of N and P in fruits was determined for cv. Alboney F 1 .
5. The chemical composition of leaves depends on (means of all the studied combinations): Mn (K, Na) and ch-OSA nutrition (N, Mg, Na) and cultivar (for P, K, Ca, Na).
6. The ccoefficients of variation (CV) of the nutrients in leaves ranged from (in %): N 0.01-10.31; P 2. .
